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Introduction
A recent book by Hutzinger et al. (1) reviews the
chemistry of chlorinated biphenyls through the end
of 1973. This wide-ranging review also includes dis-
cussions of metabolism and determination of
chlorinated biphenyls.
The present report reviews areas of
chlorobiphenyl and bromobiphenyl chemistry held
to be pertinent to the Subcommittee's concern for
possible health effects ofthese types ofcompounds.
No attempt at complete coverage of these subject
areas is claimed. Findings reported since 1973 are
particularly stressed.
Nonmetabolic alteration of the halogenated
biphenyls is considered in terms of agents most
available to induce chemical change in the environ-
ment. Expected differences between chlorinated
biphenyls and brominated biphenyls in their en-
vironmental chemistry are commented on.
It is possible that certain of the chlorinated
biphenyl compounds will be shown to have rela-
tively greater potential hazard for health. There-
fore, occurrence and fate in the environment and
metabolism and toxic effects in animals are related
to chemical structure of the biphenyls.
Forthe general public, food is presumed to be the
major source of chlorinated biphenyl compounds.
The important concepts related to analytical
methodology for PCB (and PBB) residues, particu-
larly in foods, are reviewed. Alternative means of
quantitation of these residues and problems in the
quantitation techniques are discussed.
The pertinent aspects of chlorinated dibenzofu-
rans, as known contaminants in commercial PCBs
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and as potentially significant environmental con-
taminants, are reviewed.
In reviewing the chemistry related to health ef-
fects ofthe PCBs and PBBs, it must be remembered
that environmental contamination by these two
commercial chemical mixtures is vastly different in
magnitude. The former have been steadily released
into the environment, in many countries, presum-
ably over decades, and are now found to be a per-
vasive, world-wide contaminant. The number of
chlorinated biphenyls reaching the environment
probably number nearly 100 different compounds.
The PBBs, encompassing a small number ofchemi-
cal structures to begin with, are ofconcern due to a
single, fairly recent contamination incident, appar-
ently limited to the State of Michigan.
Chemistry of Chlorinated
Biphenyls
Synthesis and Analysis of Commercial
Mixtures
Commerical preparation of mixtures of chlori-
nated biphenyls by reaction of biphenyl with
chlorine has been described by Hubbard (2). A
more recent discussion ofthis subject, including the
newer preparation designated as Aroclor 1016, is
now available (3). Analysis of the chlorinated
biphenyl content of various American commercial
PCB mixtures (Aroclors) has been reviewed by Hut-
zinger et al. (1). An estimated 40 to 60 different
chlorinated biphenyl compounds are present in each
of the higher chlorinated commercial mixtures.
(There are 209 possible compounds obtainable by
substituting chlorine for hydrogen on from one to
ten different positions on the biphenyl ring system).
PCB commercial mixtures produced in the U. S.
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ofcompounds other than the chlorinated biphenyls:
chlorinated naphthalenes and chlorinated diben-
zofurans (Cl-DBFs) (4-7). The possibility that
naphthalene and dibenzofuran contaminate the
technical biphenyl feedstock used in preparation of
the commercial PCB mixtures has not been ex-
cluded.
Available toxicity information indicates that, of
the identified types of contaminants in commercial
PCB mixtures, Cl-DBFs pose the greatest potential
hazard. As a result, the Cl-DBFs have become the
focus ofstudies on contaminants in these mixtures.
No report has appeared of an attempted complete
content analysis of the trace impurities in a com-
mercial PCB mixture.
Nonmetabolic Alteration of Chlorinated
Biphenyls
Chlorinated biphenyls, as is typical of aryl chlo-
rides generally, are quite stable to chemical al-
teration. Consideration of possible nonmetabolic
alteration routes for these compounds in the envi-
ronment suggests airoxidation, aqueous hydrolysis,
and photoalteration in sunlight as potential reac-
tions to be investigated. (Thermal decomposition
would be ofconcern in connection with incineration
conditions meant to destroy waste chlorinated
biphenyls.) Study ofthese reactions under the com-
plex and variable sets of conditions existing in the
environment is difficult. Chemical reactivity of
chlorinated biphenyls has therefore been studied
almost entirely under the more controlled condi-
tions of the laboratory.
Oxidation. PCBs are fairly stable to oxidation
under moderate conditions. PCBs are stable under
conditions which easily oxidize DDE and can be
separated from DDE by oxidizing DDE to the more
polar dichlorobenzophenone prior to column chro-
matographic separation (8). To effect the oxidation
ofDDE, the PCB-DDE solution is refluxed in 2.5%
chromic acid-acetic acid on a steam bath. Some of
the lower chlorinated biphenyls, however, are not
recovered after the oxidation. It is reported (9) that
mono-, di-, and trichlorobiphenyls are oxidized in
7.5% chromic acid-acetic acid to their respective
(chloro-)benzoic acids. With vigorous oxidizing
conditions in the environment, some PCB oxida-
tion, especially of the lower chlorinated biphenyls,
may occur. It is difficult, however, to assess the
total extent of possible environmental oxidation of
PCBs.
Hydrolysis and Alcoholysis. PCBs are fairly
stable to hydrolysis under moderate conditions.
When refluxed with 2% KOH in ethanol, PCBs are
stable (8, 10). A halogen on a chlorobiphenyl
molecule is not easily displaced in a nucleophilic
substitution reaction. Under vigorous conditions,
the 4- and the 4,4'-positions of decachlorobiphenyl
are found to be the most susceptible to chlorine
displacement by hydroxide and methoxide ions.
Decachlorobiphenyl can be hydrolyzed to oc-
tachloro-4,4'-biphenylol when treated with aqueous
alkali at high temperatures in an autoclave (11, 12).
Heating 2,5-dichlorobiphenyl with sodium
methoxide produces 2-chloro-5-biphenylol (13).
Decachlorobiphenyl, when treated with sodium
methoxide in pyridine, yields the 4-methoxy- and
4,4'-dimethoxychlorobiphenyl (14). It is probable
that the nonmetabolic hydrolysis or alcoholysis of
PCBs in the environment is limited.
Photochemistry. Exact environmental condi-
tions for the photochemistry ofenvironmental con-
taminants, including PCBs, are sometimes difficult
to simulate in the laboratory. Limited understand-
ing exists concerning the parallel of laboratory
photoreactions and reaction rates under nonen-
vironmental conditions and possible environmental
photolyses. The exact environmental conditions
under which residues may photoreact can be di-
verse and difficult to evaluate. Unknown or dis-
counted factors in the environment, such as possi-
ble sensitizers or quenchers, may be important. The
frequency (energy) and intensity of a laboratory
photolysis light may not be comparable with en-
vironmental conditions. 3000 A probably represents
the practical lower limit ofthe ultraviolet portion of
sunlight (15). The residue must be exposed to suffi-
cient light to react appreciably. It is necessary to
considerthe physical state ofthe residue exposed to
light in the environment. The residue may exist as a
solid or liquid (e.g., a film), a solution, or a vapor.
In photolyzing solutions the solvent can have an
important effect. Photoreactions which proceed in
one solvent may not proceed or may proceed at a
different rate in another solvent. A muddy river
containing a residue may yield different results
compared to a laboratory photolysis in hexane.
Laboratory photolyses under avariety ofconditions
which simulate most, ifnot all, ofthe environmental
conditions of photolysis could be extremely signif-
icant and relevant. In the absence ofthese, we must
rely on the questionable extrapolation oflaboratory
photolyses under nonenvironmental conditions.
The photochemistry of PCBs has been described
by Hutzinger et al. (1, 16). In contrast to oxidation
and hydrolysis, PCBs are fairly easily photoreacted
under certain laboratory conditions. PCB photo-
chemistry has been studied in various solutions, as
athin film, and as a vapor. In hydrocarbon solvents,
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the predominant photochemical reaction (1). Ir-
radiation of solutions of chlorobiphenyls (16) and
trapped gas liquid chromatographic (GLC) effluents
(17) have shown that PCB with higher chlorine
content dechlorinate more readily. When 0.1%
hexane solutions of 2,2',5,5'-tetrachlorobiphenyl
and 2,2',4,4',5,5'-hexachlorobiphenyl were each ir-
radiated with 3100 A light in a Rayonet reactor (16),
after 24 hr of irradiation, 33% of the 2,2',5,5'-tetra-
chlorobiphenyl was unreacted, while < 1% of the
2,2',4,4',5,5'-hexachlorobiphenyl remained. In de-
chlorinating PCBs by photoexcitation, ortho
chlorines cleave preferentially (18). With PCBs
containing only meta and para chlorines, meta
chlorines are lost preferentially. The rate of de-
chlorination is faster in alcohol solvents, such as
methanol (19) than in hydrocarbon solvents. Irra-
diation of 2,2',4,4',5,5'-hexachlorobiphenyl in
methanol yields, in addition to reductive dechlori-
nation, ring methoxylation (18). Photochemical
studies of PCBs in aqueous solutions may offer a
significant relevance to environmental PCB photo-
chemistry. A 0.4% Aroclor 1254 suspension in
water-dioxane (7:3) in the presence of sodium
bicarbonate with air bubbling through the mixture
was irradiated with 3100 A light. Two thin-layer
chromatographic fractions ofthe Aroclor 1254 after
irradiation, corresponding to the "addition ofwater
to chlorobiphenyls" and a "carboxy" fraction,
were found (16). Presumably, PCBs formed by re-
ductive dechlorination were also produced. Black
light irradiation of Aroclor 1254 as a thin layer film
in the presence ofwateryields a "carboxy" fraction
and a fraction whose mass spectrum indicates
hydroxychlorobiphenyls (16). Sunlight irradiation
ofcertain chlorobiphenyls as a thin film without the
presence of water gives dechlorinated products (1).
Chlorinated terphenyls and quaterphenyls are also
produced by the black light and sunlight irradiation
of certain chlorobiphenyls as a thin film (1). Vapor
phase photolysis of PCBs may be extremely rele-
vant, especially for the more volatile components of
Aroclors with low chlorine content. Sunlamp irradi-
ation ofthe vapor phase ofa refluxing suspension of
2,2',5,5'-tetrachlorobiphenyl and water yields "car-
boxy" products (16).
These laboratory photoreactions represent
chemical conversions which may proceed in the en-
vironment. The photoreaction rates under diverse
environmental conditions and the extent of PCB
degradation or reaction in the environment are ex-
tremely difficult to assess.
The reported low-yield conversion of certain
chlorinated biphenyls to Cl-DBF is discussed fur-
ther below.
Chemical Structure Related to Occurrence,
Fate, and Effects of Chlorinated Biphenyls
The physical and chemical properties of chlori-
nated biphenyl compounds and commercial mix-
tures ofPCBs vary greatly, depending on the degree
and position ofchlorine substitution on the biphenyl
ring system. Of particular importance to their en-
vironmental occurrence and fate are the properties
of volatility, water solubility, bioaccumulation,
biodegradability, and photostability. Volatility,
water solubility and bioaccumulation are of more
importance as mechanisms of introduction into and
transport within the environment. Biodegradation
and photodegradation are more important as
mechanisms of removal.
There are data (3) which indicate that the higher
chlorinated biphenyls are less volatile and less
water-soluble than the lower chlorinated biphenyls.
These two factors would tend to enhance the ratio
oflower to higher chlorinated biphenyls in the envi-
ronment. There are no clear data to assess the in-
volvement of chlorine position in volatility and
water solubility, but this is likely to be ofless impor-
tance. Therefore, the lowerchlorinated biphenyls are
more likely to volatilize into and be selectively trans-
ported in the aqueous environment.
The relationship between structure and bioac-
cumulation factors for PCB isomers are only begin-
ning to be assessed (20, 21) with the availability of
purified specific isomers for study. However, it ap-
pears (22, 23) that the peak patterns from gas chro-
matography found in environmental samples repre-
senting the biosphere most closely resemble the
higher chlorinated commercial mixture, Aroclor
1254. This suggests a selective accumulation of the
more highly chlorinated components of the com-
mercial mixtures in biological material. This also
indicates that the higher chlorinated biphenyls are
able to find their way into the environment in spite
oftheir poorer volatility and water solubility. Phar-
macokinetic studies (24) with selected radiolabeled
chlorinated biphenyl compounds have confirmed
the trend toward increasing biological half-life with
increasing chlorine number. However, these find-
ings may be the result of both higher accumulation
rates and lower elimination rates for the higher
chlorinated biphenyls. It may be of interest to note
that fish from lower and intermediate levels of the
food web have been found (22) to contain lower
amounts of hexachloro and higher amounts of tet-
rachloro and pentachloro compounds than higher
trophic level white and silky sharks and aquatic
birds. This suggests that selectivity in bioaccumu-
lation is also a function of biospecies.
Again, the effects ofvarying chlorine position are
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this comes from study of two or more members of
an isomeric series of the chlorinated biphenyls.
Recent work with five symmetrical hexachloro-
biphenyl isomers in chicks (25, 26) and in mice (27)
has demonstrated that separate and distinct differ-
ences in isomer toxicity are possible and that the
differences are related to chemical structure via ef-
fects of varying chlorine substitution on compound
lipophilicity and metabolism. The hexachloro isom-
ers studied were 3,4,5,3',4',5'-; 2,4,6,2',4',6'-; 2,3,-
4,2',3',4'-; 2,4,5,2',4',5'-; 2,3,6,2'3',6'- and 2,3,-
5,2',3',5'-chloro compounds. Those hexachloro
isomers with 4,4'-substitution appear to be more
rapidly accumulated and may be more slowly
metabolized, i.e., these isomers showed greater ac-
cumulation in adipose tissue and increased activity
in the liver and overall greater toxicity. These dif-
ferences are believed to be associated with differ-
ences in molecular polarizability and to be measur-
able by spectroscopic and chromatographic tech-
niques.
Other workers (28, 29) have compared the tox-
icity of two pentachlorobiphenyls in laying chicks.
The isomer with 4,4'-substitution (2,4,5,3',4'-
pentachloro) showed higher average embryonic
mortality and teratogenicity in unhatched eggs but
lower decreased fertility in the chick than the
2,3,6,2',3'-pentachloro compound, an isomer not
chlorinated in the 4-position. Although it is difficult
to assess the role ofmetabolism here, the data would
suggest a more rapid accumulation of the
2,4,5,3',4'-isomer in the egg. Other workers (30)
have already observed a correlation between PCB
content of eggs and embryo mortality and tera-
togenicity.
Various other workers (31-33) studying a range of
chlorinated biphenyls have generally observed the
importance of degree of chlorination as well as po-
sition of chlorine substitution (especially 4,4'-
substitution) in overall biological effectiveness.
Although some of the compounds studied are un-
realistic as components of commercial PCB mix-
tures, they have served as models to demonstrate
the importance of chlorine number and position.
Nevertheless, of50 possible components ofAroclor
1254 identified by Sissons and Welti (34), as many
as 19 (38%) could have 4,4'-substitution. It is of
interest to note here that one of the possible persis-
tent isomers found in Yusho patient tissue has been
tentatively identified as the 2,3,4,5,3',4,'-hexa-
chlorobiphenyl (35). A structurally similar isomer
(2,3,4,5,3',4',5'-heptachlorobiphenyl) has been pre-
pared (36), and its toxicity will be determined espe-
cially in relation to the highly toxic 3,4,5,3',4',5'-
hexa isomer previously tested.
It has been only recently that hydroxylated
metabolites of PCBs have been isolated and iden-
tified in environmental samples (37). The study of
the metabolism of the commercial mixtures them-
selves (38) has received little attention for obvious
reasons. Recently, the metabolism of purified
chlorinated biphenyls, some radiolabeled for quan-
titation purposes, has been studied in a number of
biological systems. Although there are a large
number ofpublications in the literature on this sub-
ject, this report will concern itselfwith those studies
which seem to support generalities in terms of the
effects of varying chlorine number and position on
metabolism with particular reference to mammalian
systems and to realistic components of Aroclors.
The distribution and excretion of a series of four
radiolabeled (14C) chlorobiphenyls which have de-
grees of chlorination similar to and are themselves
constituents of Aroclors 1221, 1242, 1254, and 1260
have been studied in the male rat (39). These studies
have clearly shown an increasing biological half-life
with increasing chlorine number for the series (4-;
4,4'-; 2,4,5,2',5'-; and 2,4,5,2',4',5'-) which is be-
lieved to be related to the rate of metabolism and
the ease of formation of the arene oxide inter-
mediate. These compounds were also dosed at
realistic exposure levels (0.06 to 6.0 mg/kg) which
showed that little if any of the chlorobiphenyl is
excreted in unchanged form. Most other metabolic
studies (40) with selected chlorobiphenyls have
dealt with much higher dose levels (generally re-
sulting in excretion of much unchanged biphenyl)
and unlabeled compounds which are of little quan-
titative value in assessing the effects ofchlorine de-
gree and position.
There has been no similar study with selected
chlorinated biphenyls within an isomeric series to
assess the effects of chlorine position on metab-
olism with the possible exception of an incomplete
study (41) on the identification of metabolites from
the excreta of chicks (and mice) fed symmetrical
hexachlorobiphenyl isomers. It is essential that this
be done with symmetrical isomers (in order to
simplify the problem of interpretation), preferably
in two or more isomeric series (tetra- and hexa-
chlorinated).
The various metabolism studies have generally
shown the occurrence of polar hydroxylated com-
pounds as major components of the metabolite
mixture. As the degree of chlorination increases,
hydroxylation can be concurrent or concomitant
with dechlorination (40). There is also evidence for
the formation of methyl ethers (42) and methyl-
chlorobiphenyls (41) as metabolites.
There is an increasing body of evidence to sup-
port the arene oxide intermediate in hydroxylation
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jacent) unsubstituted carbons are found in the
molecule (44). The corresponding dihydrodiol
and/or catechol generally occur along with the
phenolic metabolites.
Although it has not been studied in mammalian
systems, there is at least one report (45) that studies
of individual chlorinated biphenyls do not accu-
rately predict the rates of metabolism of the same
compound in simple mixtures. Therefore, the over-
all problem of metabolic degradation of the com-
mercial mixtures may be complicated by the possi-
bility that certain PCBs are potent enzyme inducers
but poor substrates and vice versa, with various
degrees in between. This is further complicated by
the fact that certain chlorinated biphenyls occur in
optically active forms and only one enantiomer may
be biologically active and undergo enzyme interac-
tions. The existence ofnine ofthe major, and ten of
the minor, constituents ofAroclors 1242, 1254, and
1260 in optically active forms has been predicted
(46).
Determination of PCB Residues
The determination of PCB residues has been re-
viewed in detail by the WHO Task Group report on
Environmental Health Criteria for Polychlorinated
Biphenyls and Terphenyls (47) and by Hutzinger et
al. (1).
PCBs are lipophilic, quite similar in this respect
to DDE, the metabolite of DDT. Analyses for PCB
residues follow procedures the same as or similar to
those used for multiple residues of organochlorine
pesticides (40, 47-50). The individual steps that
follow sampling are extraction of residues from the
sample, isolation of residues from coextractives
(cleanup), separation of PCBs from interfering
chlorinated hydrocarbon pesticides, quantitation,
and confirmation of identity. In general, analytical
methods capable of completely extracting residues
oforganochlorine pesticides from sample substrates
and of quantitatively recovering the pesticides
through subsequent cleanup procedures are also
capable ofachieving quantitative analysis forPCBs.
The lipophilicity of chlorobiphenyls, which in-
creases with increasing chlorine content, may influ-
ence their recovery through some analytical
methods (51). For example, recoveries through the
frequently used cleanup step, partitioning of PCB
from a petroleum ether or hexane solution offat or
oil to acetonitrile, exceed 95% for Aroclor 1242 but
drop to 75-80o for Aroclor 1260 (50). Overall abil-
ity of typical analytical methodology to recover
PCBs added in vivo to food samples is shown by
two interlaboratory studies conducted within the
Food and Drug Administration (FDA) and one
study conducted for the Association of Official
Analytical Chemists (AOAC) (52-55). Using
methodology described in the FDA Pesticide
Analytical Manual (48) and in the Book of Official
Methods of the Association of Official Analytical
Chemists (49), average recoveries and coefficients of
variation for determination of Aroclors added as
unknowns to different foods were: Aroclor 1254,
fish, 74 + 9%o; Aroclor 1254, infant chicken, 89 +
22%; Aroclor 1242, chickenfat, 101 ± 13%; Aroclor
1248, chicken fat, 96 ± 9%o; Aroclor 1254, fish, 75 ±
14%; Aroclor 1260, fish, 75 ± 15%. The three
studies involving fish required separation of the
PCBs from the DDT group before quantitation.
Gas chromatography with electron-capture de-
tection is the most widely used procedure for de-
termination of PCB residues. Gas chromatographic
columns with methyl silicone liquid phases are
widely used underconditions that typically separate
the Aroclors and PCB residues into about 15 peaks
(56). The 10% DC-200 (or OV-101) column de-
scribed in the FDA Pesticide Analytical Manual (48)
separates Aroclor 1254 into 14 peaks (57). These
analytical columns do not give a highly defined rep-
resentation of the Aroclor or PCB residue; several
of the peaks in Aroclors result from mixtures of
more than one chlorobiphenyl (34, 58-60). A col-
umn prepared from purified Apiezon L has been
shown to separate a 54% chlorine PCB mixture into
over 40 peaks (61). Separation of the PCB residue
into three fractions by chromatography on charcoal
prior to examination on the Apiezon L column has
made it possible to characterize and quantitate
nearly 60 technical PCB components. This method
provides a way to get much needed, more detailed
information on the composition of PCB residues
and might be used in special studies. The increased
time and complexity ofthis approach would proba-
bly limit its application in regular monitoring
analysis.
The need to confirm residue identity and the pro-
cedures available are similar for PCBs and pes-
ticides. The multipeak gas chromatographic pattern
of a PCB residue may be very similar to that of a
commercial Aroclor or, as in most biological sam-
ples, the residue peak pattern may be changed to
varying degrees from that of a given Aroclor. The
use of column chromatographic or chemical reac-
tion procedures to separate PCBs from or-
ganochlorine pesticides increases the certainty of
the gas chromatographic identification. Procedures
readily available to the residue laboratory for con-
firming the identity of PCBs include: halogen
specific gas chromatographic detectors (50), stabil-
ity of the residue peak pattern after refluxing the
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chlorination of the residue to the deca-
chlorobiphenyl derivative (62, 63), and thin-layer
chromatography (64, 65). Mass spectrometry is not
readily available to many laboratories conducting
analyses for PCBs nor would the expense justify
regular use in monitoring programs. However, the
use ofmass spectrometry is encouraged for residues
and samples which are unusual or significant and for
the occasional examination of a so-called routine
sample.
Two especially critical considerations are as-
sociated with the determination ofPCB residues: (1)
their separation from potentially interfering or-
ganochlorine pesticides, particularly DDT, TDE,
and DDE or the multicomponent chlordane or
toxaphene, and (2) quantitative measurement of the
multicomponent PCB residue which, in biological
organisms, is usually changed in relative amounts of
chlorobiphenyl components from commercial
Aroclors or which may result from mixture ofPCBs
from different sources. To achieve reliable residue
results it is essential that the analyst correctly make
critical judgements and interpretations in dealing
with mixed residues of PCBs and organochlorine
pesticides and in quantitation of the multicompo-
nent PCB residue. There is no substitute for analyst
experience in this analysis.
PCBs are separated from certain pesticides in the
usual cleanup procedures, e.g., adsorption chro-
matography on Florisil or alumina or by gel perme-
ation chromatography (48, 66, 67). When DDT,
TDE, DDE, chlordane, or toxaphene are present,
ancillary procedures designed to separate these
chemicals from PCBs must be used. The DDT
analogs, particularly DDE, are the pesticide res-
idues most frequently encountered in samples and
DDE is the most difficult to separate from the
PCBs. The effective electron capture gas chromato-
graphic response for DDE is 20-30 times that for an
equal weight ofAroclor 1254, and the response for
DDT is only slightly less than that for DDE (48).
Without proper treatment these pesticides can
readily interfere in the determination of PCBs.
Some procedures utilizing column chromatography
or alumina or Florisil separate DDT and TDE and
intentionally collect DDE and PCBs in the same
fraction (67, 68), which is analyzed. In these cases
the analyst must exclude the DDE region ofthe gas
chromatogram from the quantitative measurement
ofPCBs. Column chromatography on charcoal also
has been proposed for separation of PCBs from
DDE, DDT, and other organochlorine pesticides
(62). Column chromatography on silicic acid is
probably the most widely used procedure for
separating PCBs from DDT and analogs (48, 57).
The technique is fairly lengthy and difficult to re-
produce, requiring empirical standardization in
each laboratory (55, 69, 70). The separation ofDDE
is probably not 100% effective, but under ideal con-
ditions practically all DDE can be separated; the
usual inconsistency is for a portion ofthe DDE to be
eluted from the column with the PCBs, requiring
allowances to be made in PCB quantitation. The
lower chlorinated PCBs present the greatest diffi-
culty in separation from the DDT group by column
chromatographic procedures.
DDE can also be separated from PCBs by oxida-
tion to the dichlorobenzophenone, followed by a
chromatographic separation of this more polar de-
rivative from PCBs. DDT and TDE may be dehydro-
chlorinated to their respective olefins and similarly
separated along with DDE (8, 71, 72). This technique
has not received as much application as the chroma-
tographic procedures, probably because pesticides
and lower chlorinated biphenyls are destroyed or
changed, preventing their determination. A variation
of this approach used sodium dichromate plus a mi-
nute amount of sulfuric acid, rather than dehy-
drochlorination followed by oxidation with
chromium trioxide in acetic acid. The dichromate
reagent is reported to convert DDE quantitatively to
the dichlorobenzophenone without affecting DDT,
TDE, or any of the chlorobiphenyls (61).
Quantitation of PCB residues is done in most
laboratories by comparison of measurements made
on the multicomponent electron-capture gas
chromatograms ofthe residue and a known quantity
ofreference material. The PCB residue in biological
samples, as mentioned earlier, is very likely to be
changed in the relative amounts of chlorobiphenyl
components from any one Aroclor or the residue
may be a mixture of PCBs from different sources
(48, 61, 73). The response of the electron capture
detector varies with the number and location of
chlorine atoms in the biphenyl molecule (74, 75).
With the electron capture system described in the
FDA Pesticide Analytical Manual (48), the
response/unit weight increases about 6-fold from
Aroclor 1242 to Aroclor 1260 (50). The halogen-
specific microcoulometric and electrolytic conduc-
tivity detectors respond proportionally to the
weight of chlorine present and in theory could pro-
vide a more accurate measurement ofaPCB residue
that is not exactly the same composition as the ref-
erence (50). However, lower sensitivity, difficulty
in maintaining optimum performance, and limited
availability in residue laboratories has limited the
use ofthese detectors. Unless the PCB residue and
reference Aroclors are exactly the same in
chlorobiphenyl composition, the gas chromato-
graphic determination cannot be considered accu-
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reference composition, the greater the deviation
between determined and true residue level (50,
76). The most frequently used approaches to quan-
titation have selected for the reference the
Aroclor with the most similar gas chromatographic
pattern to the residue and: (1) compared the re-
sponse of a single peak in the residue with the re-
sponse ofthe counterpart peak in the Aroclor refer-
ence; or (2) compared the total response for several
peaks from the residue to the total response for the
counterpart peaks in the reference; or (3) compared
the total response for all peaks in the residue with
the total response for all peaks in the reference; or
(4) in a greater effort to duplicate the residue peak
pattern, prepared a reference made up of one or
more Aroclors to simulate the gas chromatographic
pattern of the residue, and compared the total re-
sponse for all peaks of the residue to the total re-
sponse for all peaks in the reference (55, 76). Re-
sponse has been measured in terms of both peak
height and area (55). The latter approach, which
utilizes an Aroclor or a mixture of Aroclors to du-
plicate the residue peak pattern, is recommended by
the AOAC for quantitation of PCB residues in cer-
tain foods (49). This is a currently accepted and
practical way to quantitate PCB residues. Per-
chlorination of PCBs to decachlorobiphenyl has
been suggested as a means to improve precision and
consistency in PCB determination (61, 62). This ap-
proach will not improve the accuracy of quantita-
tion, however, because proportions of individual
chlorobiphenyls in the PCB residue remain un-
known; equal weights of individual chlorobiphenyls
of different chlorine content result in different
weights of decachlorobiphenyl. Contamination
found in antimony pentachloride, the perchlorina-
tion reagent, also detracts from this procedure for
quantitation purposes (77). An approach to quanti-
tation which appears to have practical merit as well
as offering improved accuracy in quantitation has
been advanced by Webb and McCall (60). The PCB
residue is quantitated peak by peak in comparison
to reference Aroclors which have been charac-
terized as to the number of chlorines and the frac-
tion of total Aroclor weight represented by each
electron capture peak after separation on a widely
used (methylsilicone liquid phase) gas-chro-
matographic column. The availability of carefully
characterized Aroclors and evaluation inpractice are
required to fully evaluate the merits of this proce-
dure.
Precision in the interlaboratory determination of
PCBs is slightly less than with the common or-
ganochlorine pesticides. In several interlaboratory
studies involving biological samples and paperboard
containing either added Aroclors or actual residues
of PCB, the coefficients of variation are about +
20%. The results ofstudies conducted by the AOAC
and the FDA involving samples containing added
Aroclors have been mentioned above (52, 54, 55,
78); the recoveries of added Aroclors ranged from
74 to 101% and coefficients of variation from 9 to
15%. The levels of Aroclors added in these studies
ranged from about 2 to 8 ppm with the exception of
0.2 ppm Aroclor 1254 added to chicken infant food.
With samples containing actual residues, nine
laboratories in the AOAC study reported 9.2 ppm +
8% for a residue in chicken fat and 4.5 ppm ± 20%
for a residue in Lake Michigan chubs. The residue
in the chubs was determined after separation of
DDE, DDT, and TDE by column chromatography
on silicic acid. In a study by eight laboratories in
cooperation with the International Council for the
Exploration ofthe Sea, PCB residues determined in
a fish oil averaged 1.97 ppm + 47%. A much better
coefficient ofvariation, about + 11%, was obtained
when the same fish oil was fortified with an addi-
tional 10 ppm PCB (79). In an AOAC study of the
method for PCB in paperboard, 11 laboratories
analyzed a paperboard sample manufactured to
contain Aroclor 1242 and reported 5.6 ppm ± 16%
(80). The inter- or intralaboratory precision of the
determination of PCB in any sample type is im-
proved by use of the same analytical procedures,
especially in quantitation of the residue.
The lower limit of quantitation for PCB residues
will vary among laboratories, depending upon the
objectives of their analyses and upon the particular
details ofthe analytical methods, especially the sen-
sitivity of gas chromatographic detection and the
sample size. The quantitation limit achieved will be
higher than fororganochlorine pesticides because of
lower effective detector response to the technical
PCB mixtures; 20-30 times more Aroclor 1254 or
30-50 times more Aroclor 1242 than DDE is re-
quired for the major peaks to produce the same
peak height as DDE in electron capture gas chro-
matography (48). Other factors which may restrict
the attainment of low limits of quantitation and af-
fect analytical reliability are interfering residues in
the sample and laboratory contamination. Fish from
some locations contain residues of organochlorine
pesticides and possibly other contaminants at levels
that would cause increasing difficulty as the PCB
residue decreases below about one ppm. Contami-
nation of laboratory equipment, reagents, and sam-
ples with PCB from containers, previous samples,
control runs, and unknown sources, must be care-
fully guarded against in analyses where a low level
of quantitation is necessary, for example with
human blood or certain environmental samples (8,
June 1978 13981, 82). Perchlorination of the PCB residue to de-
cachlorobiphenyl offers the possibility of about 25
fold increase in sensitivity in the gas chromato-
graphic determination (63). However, contaminants
present in antimony pentachloride severely restrict
or prohibit application ofthis procedure to determi-
nation of low levels of PCBs (77). Analytical
methods used by the FDA for PCB residues also
recover chlorinated naphthalenes (83). If present
alone, chlorinated naphthalenes would be recog-
nized by the analyst. However, their presence in
admixture with PCBs would probably go unrecog-
nized unless amounts were greater than PCBs orthe
residue was examined by mass spectrometry.
Chlorinated naphthalenes are oxidized by proce-
dures used to differentiate DDE in the presence of
PCBs and could be removed from interfering in the
PCB determination (84).
From examination of procedures used to analyze
for chlorinated dibenzofurans in commercial PCB
formulations and from analytical studies with chlo-
rinated dibenzodioxins it can be inferred that some
chlorinated dibenzofurans may be recovered along
with PCBs through analytical methods using Florisil
and column chromatography (4, 6, 7, 85). The
chlorinated dibenzofurans have gas chromato-
graphic properties similar to those of the PCBs (7).
It is very doubtful, however, that a relatively small
amount ofchlorinated dibenzofuran in the presence
of PCBs would be recognized in the usual analysis
for PCBs.
Little study has been made of residue analytical
methodology for chlorobiphenylols (hydroxylated
chlorinated biphenyls). Procedures used for their
determination differ substantially from those used
for PCBs (86, 87). It is not likely that chlo-
robiphenylols would be recovered through column
chromatographic and separation procedures used
for PCBs.
In the discussion of PCB residues in foods given
in the report ofthe Human Exposure Group, alarge
share of the information comes from the FDA's
surveillance programs. The analytical methodology
used in the analyses is described in the FDA Pes-
ticide Analytical Manual, Vol. 1(48), and in Official
Methods of Analysis of the AOAC (49). Quantita-
tion ofPCB residues is by gas chromatography with
electron capture orhalogen specific electrochemical
detectors. The total response (area or peak height)
for the PCB residue is compared to the total re-
sponse for the Aroclor reference (or mixture of
Aroclors) having the most similar gas chromato-
graphic pattern. Aroclor reference materials are
each from a single master lot. Results are reported
as parts per million of the Aroclor(s) used for the
quantitation reference. With certain exceptions the
limit of quantitation for PCBs (based on the
electron-capture detector response to Aroclor 1254)
is about 0.2 ppm for individual foods and about 0.05
ppm for total diet composites. Fish from certain
fresh water locations are the food most frequently
and consistently found to contain PCB residues.
The residues in fish are most often similar in gas
chromatographic peak pattern to Aroclor 1254 but
usually with higher concentrations of the late elut-
ing (higher chlorination) chlorobiphenyl compo-
nents.
Chlorinated Dibenzofurans
In considering the potential hazard to humans of
the commercial chemical mixtures of chlorinated
biphenyls called PCBs, one must consider which, if
any, identified trace contaminant in these complex
mixtures might contribute significantly to the over-
all hazard potential of the mixture. Although there
is evidence for the presence of chlorinated
naphthalenes and possibly chlorinated terphenyls in
PCBs, the chlorinated dibenzofuran (Cl-DBF) con-
taminants are regarded as a greater potential danger
for several reasons. In using a chick bioassay to
monitor fractionation of commercial PCB mixtures,
it was found (4) that the fraction most toxic to
chicks, and far more toxic than the other fractions,
contained Cl-DBFs and chlorinated naphthalenes.
What limited toxicological information there is
available on these halogenated naphthalenes, ter-
phenyls, and dibenzofurans suggests that only the
Cl-DBFs may be more toxic than chlorinated
biphenyls by orders of magnitude (88, 89). The ex-
tremely high toxicity of some of the chlorinated
dibenzo-p-dioxins (90, 91), a class oforganic chemi-
cals very similar in structure to the Cl-DBFs, also
suggests the latter are likely to be highly toxic.
Knowledge ofthe chemistry and toxicity ofvarious
chlorinated dibenzo-p-dioxin structures and the re-
lationship between toxicity and structure, although
recently developed, is more complete than for Cl-
DBFs. Therefore, findings in the chlorodioxin field
provide indicators to assess the difficulties likely to
be encountered in the study of Cl-DBFs.
Chlorinated dibenzofuran contaminants have
been reported and confirmed in PCB mixtures man-
ufactured in Germany and France (4, 7), in Japan (5,
92), and in the United States (Aroclors) (6, 7). An
additional claim that a Cl-DBF contaminated an
Aroclor was not sufficiently supported by the evi-
dence presented (93). In the PCBs of U. S. man-
ufacture, the range of Cl-DBFs found was from
dichloro through hexachloro, and sufficient evi-
dence was obtained to show that 2,3,7,8-
tetrachloro- and 2,3,4,7,8-pentachlorodibenzofuran
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ported were actual contaminants and not artifacts
resulting from the experimental procedures used,
was considered in two instances (6, 92).
Proper quantitation of the individual Cl-DBF
contaminants is very difficult. It requires full
structural identification ofthe Cl-DBF contaminant,
availability of the contaminant as a highly purified
reference standard for quantitation purposes and
evaluation ofthe procedure used to concentrate and
separate the Cl-DBFs (e.g., from chlorobiphenyls)
to determine the capability of the procedure to re-
cover the specific Cl-DBFs in the PCB mixture. Re-
ported attempts to quantitate the Cl-DBFs in the
PCBs suggest contamination levels in the low parts
per million range for total chlorinated dibenzofurans
(7, 92). Many ofthe reported values probably canbe
taken as minimal in the absence of recovery data.
Although the source ofthe Cl-DBF contaminants
in commercial PCB mixtures has not been deter-
mined, several possibilities may be considered. The
simplestexplanation would be the likely presence of
dibenzofuran (parent compound) in the technical
grade biphenyl subjected to the chlorination pro-
cess. From a consideration of the procedures used
in the commercial synthesis of PCBs (2), various
chlorinated biphenyls, if substituted in the ortho
and ortho-prime positions with hydroxy groups
and/or chlorine atoms, might ring close to form the
furanoid ring by dehydration or dehydrochlorina-
tion.
It is important to recall that Cl-DBFs have been
reported as contaminants also in other chemicals of
commercial importance. Samples of penta-
chlorophenol (95) as well as lower chlorinated
phenols (96), and hexachlorobenzene (97), have
been found to contain a range ofCl-DBFs. The ppm
level of Cl-DBFs in certain pentachlorophenols ex-
amined by Schwetz and co-workers (95) was con-
siderably higher than the highest level thus far re-
ported in commercial PCB mixtures; the chlorine
level in the reported dibenzofuran contaminants of
pentachlorophenol ranged from hexa to octa.
It is now known that "PCB residues" obtained
from environmental samples usually do not simply
represent an easily identified original commercial
PCB mixture. For example, there is evidence from
the study of electron-capture gas chromatograms
that certain chlorinated biphenyl compounds are
preferentially lost or concentrated in passing
throughenvironmental media. This has led to recent
studies of the toxicity, metabolism and physiologi-
cal effects of specific, individual chlorinated
biphenyl compounds, synthesized by routes in-
tended to yield a single compound of known struc-
ture. In addition to permitting the development of
structure-activity correlations, these studies pre-
sumably were intended to avoid complications in
interpreting results from the testing ofthe commer-
cial chlorinated biphenyl mixtures (98), now known
to contain toxic Cl-DBFs as contaminants. In-
terpretation of results from the testing of individual
chlorinated biphenyl compounds, however, may
not be entirely straightforward. In the Ullmann cou-
pling reaction of 2,4,5-trichloroiodobenzene, it has
been reported (99) that the highly toxic 2,3,7,8-
tetrachlorodibenzofuran is formed in 3% yield in
addition to the expected 2,2',4,4',5,5'-hexachloro-
biphenyl product. This hexachlorobiphenyl is a sig-
nificant constituent of PCB mixtures (34, 61, 100),
and has been singled out for biological studies by
several workers (32, 98, 101). Careful purification
and, if necessary, chemical analysis of symmetrical
chlorobiphenyls prepared by the Ullmann coupling
reaction (for dibenzofuran content) is suggested as a
prerequisite to biological testing of the biphenyl.
There are two other aspects of the chemical re-
lationship between chlorinated biphenyls and Cl-
DBFs that need to be mentioned. Both deal with
possible environmental alteration. Evidence has
been obtained for photochemical conversion of
certain chlorinated biphenyls to Cl-DBFs in very
low yields (102). Although the scope of this study
was limited, formation of Cl-DBF was shown to
occurunder conditions ofsunlight irradiation and in
the laboratory using sunlight-simulating conditions.
Two different ortho-chlorinated biphenyls (the 2,5-
dichloro and 2,2',5,5'-tetrachloro) were claimed to
produce approximately 0.2% steady-state yields of
a monochloro DBF. The limited reports regarding
the photochemical decomposition ofCl-DBFs (102,
103) indicate relatively rapid destruction of the
compounds may take place in the environment.
Since reductive dechlorination is a major route of
photochemical alteration of Cl-DBFs, the possibil-
ity ofdechlorination of highly chlorinated DBFs to
more toxic DBFs oflower chlorine content must be
considered. The extent to which specific chlori-
nated biphenyls, found as major constituents of
commercial PCB mixtures, can be photochemically
converted to Cl-DBFs can only be determined by
further experimental studies.
Analysis of the Yusho oil (the rice oil contam-
inated by PCB-containing heat exchange fluid im-
plicated in the Japanese Yusho poisoning incident)
by Nagayama et al. (92), for Cl-DBF content, led to
a value of 5 ppm Cl-DBFs. This value is about 300
times the Cl-DBF level expected in the Yusho oil if
one simply assumes contamination of the oil by
Cl-DBFs to be proportional to the Cl-DBF level
found in unused Kanechlor 400 (the Japanese PCB
mixture claimed to have been used as the heat ex-
June 1978 141change fluid) and to the level of PCB in the Yusho
oil. This led Kuratsune et al. (35) to suggest that
Cl-DBF levels increased in the heat exchange fluid
through use. Going a step further, these questions
may be raised. Is C1-DBF concentration increased,
generally, in PCB-containing heat exchange fluids
through use? Does such increase occur in PCB-
containing transformer fluids or electrical
capacitors through use?
A critical review is needed of the published data
upon which Kuratsune's suggestion is based (92),
particularly since the results from a recent analysis
of a portion of Yusho oil (104) raises questions
about the concentration ofchlorinated biphenyls in
the Yusho oil. Further laboratory studies suggested
by such a review and analyses of selected, used
PCB-containing industrial fluids might help to an-
swer the above questions.
Considering the Cl-DBFs as the toxicologically
most significant class of chemical impurities in the
PCB mixtures, the questions may be asked: what
portion of the observed effects from animal and
human exposure to PCB mixtures can be attributed
to the Cl-DBFs? It is doubtful this question can be
answered in any quantitatively explicit way. There
are analytical problems in identifying and measuring
accurately the amounts of chlorinated dibenzofu-
rans in various PCB mixtures. Even though only a
relative few of the 135 possible chlorinated diben-
zofurans may be identified in PCB mixtures, the
toxicity of these compounds can be expected to
vary with both number and ring position ofchlorine
atoms in the Cl-DBF molecule. Toxicity data on
specific, high-purity Cl-DBFs is very limited, be-
cause the compounds themselves are not readily
available. In addition to these essentially chemical
difficulties, toxicological judgments would be dif-
ficult to make. To begin to evaluate the toxico-
logical 'burden' to be placed on Cl-DBF contam-
inants in commercial PCB mixtures, a practical
approach would be to use analytical procedures that
can recover and quantitate specific Cl-DBF com-
pounds known to be highly toxic. For example,
2,3,7,8-tetrachlorodibenzofuran, already reported
by Bowes (94) as present in PCBs, can serve as a
measure of potential hazard until further toxicity
data for Cl-DBFs become available.
To date, there have been no published, positive
findings of Cl-DBFs in environmental samples or in
foods. Analytical procedures to detect Cl-DBFs in
such samples should be developed, tested and
applied to appropriate samples. If chlorinated
dibenzo-p-dioxin residue analytical findings can be
taken as an indicator, procedures suitable for parts
per trillion detection of Cl-DBFs will be required
and quantitation will be difficult.
No clear evidence for the presence ofchlorinated
dibenzo-p-dioxins in commercial PCB mixtures has
been reported. A recent publication suggesting the
presence ofsuch contaminants in some PCBs and in
a synthesized chlorinated biphenyl (29) almost cer-
tainly misinterpreted the significance of the experi-
mental finding related to the dioxins.
Chemistry of Brominated
Biphenyls
Comparison with Chlorinated Biphenyls
Unlike PCBs, the chemistry and stability of PBBs
have not been well studied and documented in the
literature. It is difficult to assess the stability and
the extent ofpossible chemical conversion ofPBBs
in the environment. PBBs can be compared chemi-
cally to the PCBs. Since both bromine and chlorine
are halogens, PBB and PCB chemistry should be
similar in some respects. Bromine, however, is a
better leaving group in chemical reactions than
chlorine. The described laboratory experiments
concerning PBB alkaline hydrolysis and photolysis
show that bromine is more labile than chlorine
under comparable reaction parameters. PBBs may,
therefore, be less stable in the environment ifPBBs
were under the same physical reaction parameters
in the environment as PCBs. The physical state and
other physical reaction parameters ofPBB and PCB
residues in the environment can determine reactiv-
ity. Liquids and vapors often react more readily
than solids. Aroclors are liquids, though some
Aroclors are extremely viscous at room tempera-
ture. Some PCBs, especially the lower chlorinated
components, are volatile. FireMaster BP-6, how-
ever, is a solid and has an extremely low vapor
pressure. The production, distribution, and usage of
PBBs has not been as wide spread as PCBs. PBBs,
unlike PCBs, may not be physically located in a
position for chemical reaction. FireMaster BP-6 has
been extensively used, for example, in thermoplas-
tics, such as typewriter and business machine
housings (105). FireMaster BP-6 has little tendency
to migrate from the thermoplastic into which it is
incorporated. The major portion of the products
into which FireMaster BP-6 is incorporated is as-
sumed to be buried eventually in refuse dumps.
PCBs, on the other hand, are often used in trans-
formers and capacitors and can be exposed to high
temperatures which can accelerate possible chemi-
cal reactions. PCB residues are found in many di-
verse locations throughout most ofthe world. Many
of these locations may offer conducive settings for
chemical and metabolic conversions. PCB residues
Environmental Health Perspectivesin a body of water may react photolytically,
whereas PBB residues buried in a refuse dump
would not be in a position to absorb light.
Nonmetabolic Alteration of Brominated
Biphenyls
Oxidation and Hydrolysis. The stability of
PBBs to oxidation has not been studied and
documented in the literature. FireMaster BP-6 is
unstable to alkaline hydrolysis. After refluxing
FireMaster BP-6 with 2% KOH in ethanol, GLC
chromatograms show erratic degradation of hexa-
bromobiphenyl (106), the major component of
FireMaster BP-6. The possible rate of PBB hy-
drolysis in the environment under milder conditions
is not known.
Photochemistry. Recent analysis ofFireMaster
BP-6 by GC-MS by using an OV-101 column demon-
strated 12 peaks whose mass spectrum corresponds
to two pentabromo-, four hexabromo-, four
heptabromo-, and two octabromo compounds.
However, about 50% of the material is 1 hex-
abromo isomer, with the next most abundant
component being the heptabromo isomer at about
20-25%. Nuclear magnetic resonance and chemical
studies have identified the principal component of
FireMaster BP-6 as 2,2',4,4',5,5'-hexabromobi-
phenyl (107, 108). The photolytic rates ofreactivity
of FireMaster BP-6 and 2,2',4,4',5,5'-hexachloro-
biphenyl in methanol solutions irradiated with 3000
A light were compared (109). The rate ofreaction of
FireMaster BP-6 was determined presumably by the
decrease in the GLC peak of hexabromobiphenyl.
Hexabromobiphenyl was found to be seven times as
reactive as the corresponding PCB. Hexabromo-
biphenyl was found to undergo photolytic reductive
debromination in methanol yielding penta- and
tetrabromobiphenyls and also > 1% methoxylated
product. Dimethoxy tetrabromobiphenyl was iden-
tified as a product by mass spectrometry. The
highly efficient photoreactivity of PBB may be due
to enhanced intersystem crossing to a triplet state
due to vibronic coupling with the bromines, steric
interference due to the bromines, and the relatively
low carbon-bromine bond energy. The aromatic
carbon-bromine bond energy is 71 kcal/mole, com-
pared to the aromatic carbon-chlorine bond energy
of 86 kcal/mole (105). As with PCBs (18), pre-
sumably ortho halogens preferentially cleave in
PBBs upon photoexcitation.
The possible rates and extent of photolytic reac-
tivity of PBBs in the environment are not known.
The photochemistry of PBBs has not been studied
in the vapor or solid states. Since FireMaster BP-6
has an extremely low vapor pressure, vapor-state
photochemistry in the environment would be ex-
tremely limited. The extent of thin film PBB photo-
chemistry in the environment may also be limited.
PBB contamination and resulting photochemistry in
river waters, except in the vicinity of PBB produc-
tion facilities, may be limited. PBBs incorporated
into thermoplastics, which are presumably buried
eventually in a refuse dump, are not likely to absorb
much light for photolytic reaction.
Determination of Residues
Polybrominated biphenyl (PBB) residues are
analyzed for in foods by methods quite similar to
those used for organochlorine pesticides and
polychlorinated biphenyls (PCBs) (48, 106, 110).
Recoveries of PBB added to samples in vivo
through these procedures is over 80%. A method to
improve extraction efficiency of PBB residue from
dry, high fat animal feeds has been reported (1i1).
The major difference from methods for or-
ganochlorine pesticides is in the gas chromato-
graphic determination which is done at higher tem-
peratures or on columns with low liquid phase loads
because of the lower volatility of PBBs. Methyl-
silicones or Silar-lOC, the liquid phases most fre-
quently used, separate the technical PBB, Fire-
Master BP-6, into three to nine peaks, depending on
the chromatographic conditions selected. PCBs and
organochlorine pesticides which would be recov-
ered through extraction and cleanup procedures to-
gether with PBBs have earlier retention times under
these conditions and are separated from the major
PBB constituent, hexabromobiphenyl. The reten-
tion times of hexabromobiphenyl and decachloro-
biphenyl are not greatly different on methylsilicone
liquid phases but are widely separated on Silar-lOC.
Elution of the Florisil column used for cleanup of
extracts with petroleum ether, rather than a mixture
of petroleum ether and ethyl ether, separates PBBs
from most organochlorine pesticides prior to gas
chromatography and improves cleanup for the PBB
determination.
PBB residues are detected and quantitated with
the electron capture gas chromatography detector.
Quantitation is based on comparison of the size of
the hexabromobiphenyl peak in the residue to the
size of the hexabromobiphenyl peak in a known
weight of the reference material, FireMaster BP-6.
FireMaster BP-6 is a technical mixture containing
60-70%o hexabromobiphenyls (108). The accuracy
of residue quantitation is affected by any change in
the composition of the residue from that of the ref-
erence technical PBB mixture. The identity ofPBB
residues can be confirmed by thin layer chromatog-
raphy, photochemical alteration, halogen-specific
June 1978 143gas chromatographic detection, and by different
retention times on Silar-lOC and methylsilicone
gas-chromatographic columns (106, 112-114). Mass
spectrometry has also been used to confirm the iden-
tity of the PBB residue (115).
The limit of quantitation for PBB residues, in-
cluding capability for residue identity confirmation,
is about 0.05 ppm in fats and 0.01 ppm in nonfats
(106). Formalized interlaboratory studies have not
been reported for analytical methods for determina-
tion of PBB residues.
Possibility of Brominated Dibenzofurans in
Commercial PBB Mixtures
There has been no report, so far, ofthe finding of
brominated dibenzofuran (Br-DBF) compounds in
commercial PBB mixtures. Examination of Fire-
Master BP-6 for possible contamination by Br-DBF
is in progress in several laboratories.
Thanks are due to Thomas E. Kopp, Office of Toxic Sub-
stances, EPA, for providing several background reports related to
the chemistry of PCBs and PBBs.
REFERENCES
1. Hutzinger, O., Safe, S., and Zitko, V. The Chemistry of
PCBs, CRC Press, Cleveland, Ohio, 1974.
2. Hubbard, H. L. Chlorinated biphenyl and related com-
pounds. In: Encyclopedia of Chemical Technology, 2nd
ed., H. F. Mark, J. J. McKetta, and D. F. Othmer, Eds.,
Interscience-Wiley, New York, 1964, Vol. 5, p. 289.
3. Mieure, J. P., et al. Characterization of polychlorinated
biphenyls. Paper presented at National Conference on
Polychlorinated Biphenyls, Chicago, 1975.
4. Vos, J. G., et al. Identification and toxicological evaluation
ofchlorinated dibenzofuran and chlorinated naphthalene in
two commercial polychlorinated biphenyls. Food Cosmet.
Toxicol. 8: 625 (1970).
5. Roach, J. A. G., and Pomerantz, I. H. The finding of
chlorinated dibenzofurans in a Japanese polychlorinated
biphenyls sample. Bull. Environ. Contam. and Toxicol. 12:
338 (1974).
6. Roach, J. A. G., and Pomerantz, I. H. The finding of
chlorinated dibenzofurans in Aroclor PCBs of recent man-
ufacture. Paper No. 53, presented at 88th Annual Meeting
of Association of Official Analytical Chemists,
Washington, D. C., October 14-17, 1974.
7. Bowes, G. W., et al. Identification of chlorinated diben-
zofurans in American polychlorinated biphenyls. Nature
256: 305 (1975).
8. Trotter, W. Removing the interference of DDT and its
analogs in the analysis for residues of polychlorinated
biphenyls. J. Assoc. Offic. Anal. Chemists, 58: 461 (1975).
9. Weingarten, H. Steric effects in the Gomberg reaction. J.
Org. Chem. 26: 730 (1961).
10. Young, S., and Burke, J. Micro scale alkali treatment for
use in pesticide residue confirmation and sample cleanup.
Bull. Environ. Contam. Toxicol. 7: 160 (1972).
11. Smith, F. Octachlorobiphenylquinone. U. S. Pat. 2,449,088
(1948); Chem. Abstr. 43: 813 (1949).
12. Societe d'Electrochimie, d'Electrometallurgie et des
acieries electriques d'Ugine. Purification of octachloro-
dihydroxybiphenyl. Belg. Pat. 613,066 (1962); Chem.
Abstr. 57: 16492 (1962).
13. deCrauw, R. The principle ofinduced alternating polarity in
connection with the reactions of derivatives of p-di-
chlorobenzene and other compounds with sodium methy-
late. Rec. Trav. Chim. 50: 753 (1931).
14. Binns, F., and Suschitzky, H. Polyhalogenaromatic com-
pounds. Part XX. Some reactions ofdecachlorobiphenyl. J.
Chem. Soc. (C) 1971: 1913.
15. Crosby, D. Experimental approaches to pesticides photo-
decomposition. Residue Rev. 25: 1 (1969).
16. Hutzinger, O., Safe, S., and Zitko, V. Photochemical
degradation of chlorobiphenyls (PBCs). Environ. Health
Perspect. 1: 15 (1972).
17. Hannan, E., Bills, D., and Herring, J. Analysis of
polychlorinated biphenyls by gas chromatography and ul-
traviolet irradiation. J. Agr. Food Chem. 21: 87 (1973).
18. Ruzo, L., Zabik, M., and Schuetz, R. Photochemistry of
bioactive compounds: photoproducts and kinetics of
polychlorinated biphenyls. J. Agr. Food Chem. 22: 199
(1974).
19. Hustert, K., and Korte, F. Ecological chemistry.
XXXVIII. Synthesis ofpolychlorinated biphenyls and their
reactions under UV irradiation. Chemosphere 1: 7 (1972).
20. McKinney, J. D. Toxicology ofselected symmetrical hexa-
chlorobiphenyl isomers: correlating biological effects with
chemical structure. Paper presented at National Confer-
ence on Polychlorinated Biphenyls, Chicago, 1975.
21. Sugiura, K., et al. Accumulation and excretion of PCBs in
the mouse. Chemosphere 4: 181 (1975).
22. Zitko, V., Hutzinger, O., and Choi, P. M. K. Contamina-
tion of the Bay of Fundy-Gulf of Maine area with PCBs,
PCTs, chlorinated DBF, and DBD. Environ. Health
Perspect. 1: 47 (1972).
23. Veith, G. D. Baseline concentrations of polychlorinated
biphenyls and DDT in Lake Michigan Fish, 1971. Pestic.
Monitoring J. 9: 21 (1975).
24. Matthews, H. B. PCB chlorination vs. PCB distribution and
excretion. Paper presented at National Conference on
Polychlorinated Biphenyls, Chicago, 1975.
25. McKinney, J. D., et al. Toxicological assessment of hexa-
chlorobiphenyl isomers and 2,3,7,8-tetrachlorodibenzo-
furan in chicks. I. Relationship of chemical parameters.
Toxicol. Appl. Pharmacol. 36: 65 (1976).
26. Goldstein, J. A., et al. Toxicological assessment of hexa-
chlorobiphenyl isomers and 2,3,7,8-tetrachlorodibenzo-
furan in chicks. II. Effects on drug metabolism and porphy-
rin accumulation. Toxicol. Appl. Pharmacol. 36: 81 (1976).
27. Biocca, M. Toxicology of selected symmetrical
hexachlorobiphenyls. Biological responses in chickens and
mice. Paper presented at National Conference on
Polychlorinated Biphenyls, Chicago, 1975.
28. Ax, R. L., Miller, W. L., and Hansen, L. G. Toxicity com-
parisons of two pentachlorobiphenyls. Paper presented at
American Society of Animal Science Meeting, Midwestern
Section, 1976.
29. Ax, R. L., and Hansen, L. G. Effects of purified PCB
analogs on chicken reproduction. Poult. Sci. 54: 895 (1975).
30. Bush, B., Tumasonis, C. F., Baker, F. D. Toxicity and
persistence of PCB homologs and isomers in the avian sys-
tem. Arch. Environ. Contam. Toxicol. 2(3): 195 (1974).
31. Ecobichon, D. J., and Comeau, A. M. Isomerically pure
chlorobiphenyl congeners and hepatic function in the rat:
influence of position and degree of chlorination. Toxicol.
AppI. Pharmacol. 33: 94 (1975).
32. Johnstone, G. J., Ecobichon, J., and Hutzinger, 0. The
144 Environmental Health Perspectivesinfluence of pure polychlorinated biphenyl compounds on
hepatic function in the rat. Toxicol. Appi. Pharmacol. 28:
66 (1974).
33. Hill, E. F., et al. Polychlorinated biphenyl toxicity to
Japanese quail as related to degree of chlorination. Poult.
Sci. 53: 597 (1974).
34. Sissons, D., and Welti, D. Structural identification of
polychlorinated biphenyls in commercial mixtures by gas-
liquid chromatography, nuclear magnetic resonance and
mass spectrometry. J. Chromatogr. 60: 15 (1971).
35. Kuratsune, M., Masuda, Y., and Nagayama, J. Some ofthe
recent findings concerning Yusho. Paper presented at Na-
tional Conference on Polychlorinated Biphenyls, Chicago,
1975.
36. McConnell, E. E., and McKinney, J. D. Unpublished data.
37. Jansson, B., et al. Identification by GC-MS of phenolic
metabolites of PCB and p,p'-DDE isolated from Baltic
guillemot and seal. Ambio 4: 93 (1975).
38. deFreitas, A. S., and Norstrom, R. J. Turnover and metab-
olism ofPCBs in relation to their chemical structure and the
movement oflipids in the pigeon. Can. J. Physiol. 52: 1080
(1974).
39. Matthews, H. B., and Anderson, M. W. Effect ofchlorina-
tion on the distribution and excretion of polychlorinated
biphenyls. Drug. Metab. Disp. 3: 371 (1975).
40. Hutzinger, O., et al. Identification ofmetabolic dechlorina-
tion products of highly chlorinated biphenyl in rabbit. Na-
ture 252: 698 (1974).
41. Hass, J. R., Chae, K., and McKinney, J. D. Unpublished
observation.
42. Safe, S., Hutzinger, O., and Jones, D. The mechanism of
chlorobiphenyl metabolism. J. Agr. Food Chem. 23: 851
(1975).
43. Safe, S., et al. The metabolism of 4-chlorobiphenyl in the
pig. Can. J. Physiol. Pharmacol. 53: 392 (1975).
44. Chen, P. R., McKinney, J. D., and Matthews, H. B. Me-
tabolism of 2,4,5,2',5'-pentachlorobiphenyl in the rat:
Qualitative and quantitative aspects. Drug Metab. Disp. 4:
362 (1976).
45. Baxter, R. A., et al. The degradation of PCBs by micro-
organisms. Sci. Total Environ. 4: 53 (1975).
46. Kaiser, K. On the optical activity ofPCBs. Environ. Pollut.
7: 93 (1974).
47. WHO Task Group. Environmental health criteria for
polychlorinated biphenyls and terphenyls. World Health
Organization, 1975.
48. Food and Drug Administration. FDA Pesticide Analytical
Manual, Vol. I. 1968 (rev. 1975).
49. Horwitz, W., Ed. Official Methods of Analysis of the As-
sociation of Official Analytical Chemists, 12th Ed., Assoc.
Offic. Anal. Chemists, Washington, D. C., 1975, Section
29.001-29.018.
50. Hearing Clerk, DHEW: Analytical methodology for
polychlorinated biphenyls. (Feb. 1973).
51. Stalling, D. L., Tindle, R. C., and Johnson, J. L. Cleanup of
pesticide and polychlorinated biphenyl residues in fish ex-
tracts by gel permeation chromatography. J. Assoc. Offic.
Agr. Chemists 55: 32 (1972).
52. Food and DrugAdministration, Report ofsample no. 4 1970
interlaboratory quality assurance program (pesticides in
fish). Private communication, June 8, 1971.
53. Burke, J. A. Report on chlorinated insecticides. J. Assoc.
Offic. Anal. Chemists 55: 284 (1972).
54. Food and Drug Administration, Sample no. 1 FY-73 inter-
laboratory performance assurance program (PCB and diel-
drin in baby food). Private communication, Jan. 12, 1973.
55. Sawyer, L. D. Collaborative study of the recovery and gas
chromatographic quantitation ofpolychlorinated biphenyls
in chicken fat and polychlorinated biphenyl-DDT combi-
nations in fish. J. Assoc. Offic. Anal. Chemists 56: 1015
(1973).
56. Fishbein, L. Chromatographic and biological aspects of
polychlorinated biphenyls. J. Chromatogr. 68: 345 (1972).
57. Armour, J. A., and Burke, J. A. Method for separating
polychlorinated biphenyls from DDT and its analogs. J.
Assoc. Anal. Offic. Chemists. 53: 761 (1972).
58. Stalling, D. L., and Huckens, J. N. Gas-liquid
chromatography-mass spectrometry characterization of
polychlorinated biphenyl (Aroclors) and 36CI-labeling of
Aroclors 1248 and 1254. J. Assoc. Offic. Anal. Chemists 54:
801 (1971).
59. Webb, R. G., and McCall, A. C. Identities of polychlori-
nated biphenyl isomers in Aroclors. J. Assoc. Offic. Anal.
Chemists 55: 746 (1972).
60. Webb, R. G., and McCall, A. C. Quantitative PCB stan-
dards for electron capture gas chromatography. J.
Chromatogr. Sci. 11: 366 (1973).
61. Jensen, S., and Sundstrom, G. Structures and levels of
most chlorobiphenyls in two technical PCB products and in
human adipose tissue. Ambio 3: 70 (1974).
62. Berg, 0. W., Diosady, P. L., and Rees, G. A. V. Column
chromatographic separation of polychlorinated biphenyls
from chlorinated hydrocarbon pesticides and subsequent
gas chromatographic quantitation in terms of derivatives.
Report of Ontario Water Resources Commission, 1971.
63. Armour, J. A. Quantitative perchlorination of polychlori-
nated biphenyls as a method for confirmatory residue mea-
surement and identification. J. Assoc. Offic. Anal.
Chemists 56: 987 (1973).
64. Fehringer, N. V., and Westfall, J. E. Separation and iden-
tification ofDDT analogs in the presence ofpolychlorinated
biphenyl compounds by two-dimensional thin layer chro-
matography. J. Chromatogr. 57: 397 (1971).
65. deVos, R. H., and Peet, E. W. Thin layer chromatography
of polychlorinated biphenyls. Bull. Environ. Contam.
Toxicol. 6: 164 (1971).
66. Stalling, D. L., and Mayer, F. L., Jr. Toxicities ofPCBs to
fish and environmental residues. Environ. Health Perspect.
1: 159(1972).
67. Holden, A. V., and Marsden, K. Single stage cleanup of
animal tissue extracts for organochlorine residue analysis.
J. Chromatogr. 44: 481 (1969).
68. Reynolds, L. M. Polychlorobiphenyls (PCBs) and their in-
terference with pesticide residue analysis. Bull. Environ.
Contam. Toxicol. 4: 128 (1969).
69. Matsumoto, H. T. Study of the silicic acid procedure of
Armour and Burke for the separation of polychlorinated
biphenyls from DDT and analogs. J. Assoc. Offic. Anal.
Chemists 55: 1092 (1972).
70. Edwards, R. Some factors in the separation of poly-
clorobiphenyls (PCBs) from organochlorine pesticides by
column chromatography combined with gas-liquid chro-
matography. Pestic. Sci. 5: 293 (1974).
71. Mulhern, B., Cromartie, E., and Reichel, W. L. Semiquan-
titative determination ofpolychorinated biphenyls in tissue
samples by thin layer chromatography. J. Assoc. Offic.
Anal. Chemist 54: 548 (1971).
72. Collins, G. B., Holmes, D. C., and Jackson, F. J. The esti-
mation of chlorobiphenyls. J. Chromatogr. 71: 443 (1972).
73. Cook, J. W. Some chemical aspects of polychlorinated
biphenyls (PCBs). Environ. Health Perspect. 1: 3 (1972).
74. Gregory, N. L. Electron capture by chlorinated biphenyls.
J. Chem. Soc. B 1968: 295.
75. Zitko, V., Hutzinger, O., and Safe, S. Retention times and
electron capture detector responses of some individual
chlorobiphenyls. Bull. Environ. Contam. Toxicol. 6: 160
June 1978 145(1971).
76. Beezhold, F. L., and Stout, V. F. The use and effect of
mixed standards on the quantitation of polychlorinated
biphenyls. Bull. Environ. Contam. Toxicol. 10: 10 (1973).
77. Trotter, W. J., and Young, S. J. V. Limitation on the use of
antimony pentachloride for perchlorination of polychlori-
nated biphenyls. J. Assoc. Offic. Anal. Chemists 58: 466
(1975).
78. Burke, J. A. Development of the Food and Drug Adminis-
tration's method of analysis for multiple residues of or-
ganochlorine pesticides in foods and feeds. Residue Rev.
34: 59 (1971).
79. International Council for the Exploration ofthe Sea. Report
ofworking group for the international study ofthe pollution
ofthe North Sea and its effects on livingresources and their
exploration. Charlottenlund Slot, DK-2920, Charlotte, Den-
mark, Cooperative Research Report No. 30, 1974.
80. Finsterwalder, C. E. Collaborative study ofthe determina-
tion ofpolychlorinated biphenyls in paperboard. J. Assoc.
Offic. Anal. Chemists 57: 518 (1974).
81. Jensen, S., Renberg, L., and Olsson, M. PCB contamina-
tion from boat bottom paint and levels of PCB in plankton
outside a polluted area. Nature 240: 358 (1972).
82. Giam, C. S., and Wong, M. K. Problems of background
contamination in the analysis of open ocean biota for
chlorinated hydrocarbons. J. Chromatogr. 72: 283 (1972).
83. Armour, J. A., and Burke, J. A. Behavior of chlorinated
naphthalenes in analytical methods for organochlorine pes-
ticides and polychlorinated biphenyls. J. Assoc. Offic.
Anal. Chemists 54: 175 (1971).
84. Holmes, D. C., and Walden, M. A simple differentiation of
polychlorobiphenyls from chlorinated naphthalenes. J.
Chromatogr. 71: 562 (1972).
85. Porter, M. L., and Burke, J. A. Separation of three
chlorodibenzo-p-dioxins from some polychlorinated bi-
phenyls by chromatography on an aluminum oxide column.
J. Assoc. Offic. Anal. Chemists 54: 1426 (1971).
86. Bache, C. A., and Lisk, D. J. A qualitative method for
detecting hydroxylated metabolites of polychlorinated
biphenyls. Bull. Environ. Contam. Toxicol. 9: 315 (1973).
87. Zitko, V., Hutzinger, O., and Choi, P. M. K. Determination
of pentachlorophenol and chlorobiphenylols in biological
samples. Bull. Environ. Contam. Toxicol. 12: 649 (1974).
88. Bauer, H., Schulz, K. H., and Spiegelberg, U. Berufliche
Vergiftungen bei der Herstellung von chlorophenol Verbin-
dungen. Arch. Gewerbepath. Gewerbehyg. 18: 538 (1961).
89. Moore, J. A., and Gupta, B. N., and Vos, J. G. Toxicity of
2,3,7,8-tetrachlorodibenzofuran. Paper presented at Na-
tional Conference on Polychlorinated Biphenyls, Chicago,
1975.
90. NIEHS Conference on the Toxicity of the Chlorinated
Dibenzo-p-dioxins and Dibenzofurans. Research Triangle
Park, N. C., April 2-3 1973; Environ. Health Perspect. No.
5 (1973).
91. Schwetz, B. A., et al. Toxicology of chlorinated dibenzo-
p-dioxins. Adv. Chem. Series. 120: 55 (1973).
92. Nagayama, J., Masuda, Y., and Kuratsune, M. Chlorinated
dibenzofurans in Kanechlors and rice oils used by patients
with Yusho. Fukuoka Acta Med. 66: 593 (1975).
93. Curley, A., et al. Evidence of tetrachlorodibenzofuran
(TCDF) in Aroclor 1254 and the urine of rats following
dietary exposure to Aroclor 1254. Bull. Environ. Contam.
Toxicol. 14: 153 (1975).
94. Bowes, G. W., et al. Gas chromatographic characteristics
of authentic chlorinated dibenzofurans: identification of
two isomers in American and Japanese polychlorinated
biphenyls. J. Agr. Food Chem. 23: 1222 (1975).
95. Schwetz, B. A., Keeler, P. A., andGehring, P. J. The effect
ofpurified and commercial grade pentachlorophenol on rat
embryonal and fetal development. Toxicol. Appl. Phar-
macol. 28: 151 (1974).
96. Firestone, D., et al. Determination of polychlorodibenzo-
p-dioxins and related compounds in commercial chloro-
phenols. J. Assoc. Offic. Anal. Chemists 55: 85 (1972).
97. Villanueva, E. C., et al. Evidence of chlorodibenzo-p-
dioxin and chlorodibenzofuran in hexachlorobenzene. J.
Agr. Food Chem. 22: 916 (1974).
98. Vos, J. G., and Notenboom-Ram, E. Comparative toxicity
study of 2,4,5,2',4',5'-hexachlorobiphenyl and a poly-
chlorinated biphenyl mixture in rabbits. Toxicol. Appl.
Pharmacol. 23: 563 (1972).
99. Moron, M., Sundstrom, G., and Wachtmeister, C. A.
Polychlorinated biphenyls. VI. 2,3,7,8-Tetrachloro-
dibenzofuran, a critical byproduct in the synthesis of
2,2',4,4',5,5'-hexachlorobiphenyl by the Ullmann reaction.
Acta Chem. Scand. 27: 3121 (1973).
100. Tas, A. C., and Kleipool, R. J. C. Characterization of the
components of technically polychlorinated biphenyl mix-
tures. II. Bull. Environ. Contam. Toxicol. 8: 32 (1972).
101. Hansell, M. M., and Ecobichon, D. J. Effects ofchemically
pure chlorobiphenyls on the morphology of rat liver. Tox-
icol. Appl. Pharmacol. 28: 418 (1974).
102. Crosby, D. G., and Moilanen, K. W. Photodecomposition
of-chlorinated biphenyls and dibenzofurans. Bull. Environ.
Contam. Toxicol. 10: 372 (1973).
103. Hutzinger, O., et al. Photochemical degradation of di- and
octachlorodibenzofuran. Environ. Health Perspect. 5: 267
(1973).
104. Trotter, W. J. PCB analysis of rice oil associated with
Yusho. Memo to Frank Cordle, FDA, March 11, 1976.
105. Kerst, A. A report to the Michigan Environmental Review
Board, Michigan Chemical Corp., Sept. 23, 1974.
106. DET-DO, DCT, DCH. Polybrominated Biphenyl
Methodology, Food and Drug Administration Laboratory
Information Bulletin 1705D, Feb. 9, 1976.
107. Anderson, K., et al. Photochemical degradation of PCB,
PBB and other flame retardants. Paper presented at 33rd
International Congress of Pesticide Chemistry, Helsinki,
Finland, 1974.
108. Sundstrom, G., and Hutzinger, 0. Identification of
2,2',4,4',5,5'-hexabromobiphenyl as the major component
of flame retardant FireMaster BP-6. Chemosphere 5: 11
(1976).
109. Ruzo, L., and Zabik, M. Polyhalogenated biphenyls:
photolysis of hexabromo and hexachlorobiphenyls in
methanol solution. Bull. Environ. Contam. Toxicol. 13: 181
(1975).
110. Fehringer, N. V. Determination of polybrominated
biphenyl residues in dry animal feeds. J. Assoc. Offic.
Anal. Chemists 58: 1206 (1975).
111. Fehringer, N. V. Determination of polybrominated
biphenyl residues in dairy products. J. Assoc. Offic. Anal.
Chemists 58: 978 (1975).
112. Fehringer, N. V. TLC ofpolybrominated biphenyls in ani-
mal feeds and dairy products. Food and Drug Administra-
tion Laboratory Information Bulletin, No. 1705, 1974.
113. Fehringer, N. V. Thin layer confirmation oflow level poly-
brominated biphenyl residues in animal feeds. FDA Lab-
oratory Information Bull. No. 1705A (1974).
114. Erney, R. D. Confirmation of polybrominated biphenyl
residues in animal feeds and dairy products using an ultra-
violet irradiation gas-liquid chromatographic technique. J.
Assoc. Offic. Anal. Chemists 58: 1202 (1975).
115. Ayers, R. J. Mass spectral confirmation ofpolybrominated
(PBB) residues in food. FDA Laboratory Information Bul-
letin No. 1782, March 17, 1975.
146 Environmental Health Perspectives